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ABSTRACT
EFFICACY OF INVISALIGN: A RETROSPECTIVE CASE SERIES OF INTRUSION, EXTRUSION,
AND ROTATION WITH TREND ANALYSIS

Kirsten Yvonne Karkow, DDS
Marquette University, 2020
Objective: To quantify efficacies and discrepancies of Invisalign® treatment of anterior
intrusions, anterior extrusions, and incisor, canine and premolar rotations with correlations to age,
gender, tooth, attachment, interproximal reduction, number of aligners, treatment time, and start
date.
Methods: Initial, progress, and final iTero® scans of patients treated with Invisalign® in
the graduate Marquette University Orthodontics Clinic (Milwaukee, WI) were retrieved along
with corresponding ClinChecks® as .stl files. These three-dimensional files were superimposed
for best-fit using SlicerCMF4-0 software. A total of 67 anterior intrusions ≥ 0.5 mm, 39 anterior
extrusions ≥ 0.5 mm, and 98 incisor, canine and premolar rotations ≥ 5° were compared with
actual outcomes via linear or angular measurement. Movement thresholds were based on
Invisalign® defaults for the use of Optimized Attachments. This study was approved by the
Institution Review Board under protocol HR-3520.
Results: Mean efficacies were 39% for intrusions, 53% for extrusions, and 51% for
rotations. Mean discrepancies were -0.45 mm for intrusions, -0.36 mm for extrusions, and -6.8°
for rotations. No significant associations were found with gender, tooth, treatment time, or
ClinCheck® approval date during this retrospective study spanning 2.5 years. Increasing age and
number of trays were each associated with decreased performance of intrusion and rotation but
not of extrusion. For rotations, Optimized Attachments specific to rotation had superior
performance compared to Optimized Attachments not specified for rotation. For intrusions and
extrusions, no associations between attachment and performance were found. Interproximal
reduction was weakly associated with improved extrusion but had no association with intrusion or
rotation outcomes. Planned extrusions and rotations had an equivalent chance of oppositeexpression as over-expression. Planned intrusions could have opposite-expression (i.e. could
extrude) but never over-expressed.
Conclusion: Under current Invisalign® defaults, no teeth perform categorically better or
worse for any studied movement. Optimized Attachments should be prioritized for rotations over
intrusions and extrusions. Interproximal reduction should only be performed when needed and
with caution. As Invisalign® is a technology that is constantly evolving, continued research is
required to stay educated on the performance of the appliance. A prudent practitioner would plan
compensations based on current shortcomings.
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CHAPTER I: INTRODUCTION

Orthodontics is a branch of dentistry pertaining to the diagnosis and treatment of
irregularities of teeth. The history of appliances fabricated for the purpose of moving teeth goes
back to 1000 BC, with contemporary styles dating back to Edward Angle in the late 1800s and his
developments of the E-arch, the pin and tube, the ribbon arch, and the edgewise appliances. The
original edgewise appliance has gone through many evolutions to become an array of fixed
orthodontic appliances – otherwise known as “braces” – that are used today.1
Orthodontic brackets to align teeth are available in many forms. From facial to lingual
application, zero-prescription to straight-wire appliances, metal to ceramic to composite material,
single to twin tie-wings, passive-self-ligation to active-self-ligation, with further options for
custom-fabrication, the options available for fixed orthodontic treatment are extensive. While
these options reflect appliances that are bonded to teeth, countless custom removable appliances
also exist for the purpose of moving teeth. 1
A. History of Invisalign®

Though less emphasis has traditionally been placed on removable appliances in the
United States compared to Europe2, removable orthodontic treatment in the United States is
rapidly increasing. In 1945, Dr. Harold Kesling introduced the Tooth Positioner to quickly reach
an ideal occlusion and stimulate the gingiva following fixed appliance orthodontic treatment. This
clear appliance is generally credited as the original version of clear aligner therapy.3 Since then,
many different iterations of clear aligner therapies have been introduced, with many technological
advancements along the way.4 Since the launch of Invisalign® in 1997 and FDA approval in 1998,
there has been intense interest from practitioners and the public alike regarding the functionality
of the clear, removable orthodontic appliance (Figure 1). Publicly recognized as an esthetic
option in the correction of malalignment, the system has become a mainstay in the orthodontic
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market. As of 2019, Invisalign® has treated over 6 million patients. While many other clear
aligner technology companies exist, Align Technology – based out of Santa Clara, California –
still leads the market with little-to-no indication of slowing down.5

Figure 1. Invisalign® Aligner, Lower Arch
Note the ridges in the material created by stereolithographic printing and the positive wells designed
for engagement of attachments. Negative areas represent pressure applications.

B. Evolution of Invisalign®

Within the Invisalign® system itself, many advancements have been over time.
Originally, Invisalign® aligners were made with the polymer Proceed30 (PC30), which had poor
elasticity and did not perform orthodontic movements well. By 2013, the material had been
changed to Exceed30 (EX30), a polyurethane medical-grade polymer, which displayed 1.5 times
more elasticity and a flatter stress-strain curve, allowing the material to exert more ideal
orthodontic force.6 In 2014, Invisalign® launched SmartTrack® material (LD30) for increased
comfort and precision in tooth movement. 7 This new aligner material consists of a bilayer
copolyester-polyurethane with lower crystallinity (28%) compared to that of EX30 (37%). LD30
has been shown to have higher translucency, better adaptability to the dentition, more consistent
orthodontic force generation, greater elastic recovery, and less residual deformation compared to
the EX30.6
Likewise, Invisalign® was initially utilized without any additional attachments to the
teeth to aid in specific movements. In 2009, Invisalign® introduced SmartForce® Conventional

3
Attachments to make complex movements more controlled and predictable. The Conventional
Attachments are ellipsoid, rectangular, and rectangular beveled three-dimensional shapes that are
formed to the teeth using a customized attachment template and fabricated directly from
composite.8 Newer Optimized Attachments were then introduced with ramped activation
surfaces and wells in the aligner in which attachments can move into with additional clearance.
These attachments are designed for more optimal force systems with customized shapes and
contours for each tooth, intended to achieve more predicable tooth movements. At the time of this
writing, Invisalign® has 15 separate SmartForce® features – three specific Power Ridge or
Pressure Area applications and 12 specific attachment applications. 9 With G4 in 2013 came
Optimized Extrusion Attachments for the extrusion of anterior teeth, Optimized Multi-Plane
Movement Attachments for combined rotation and extrusion movements, and Optimized Root
Control Attachments for lateral incisors, canines and premolars. In 2015, the launch of G5
introduced new solutions for deep bite treatment including lingual surface Pressure Areas for the
intrusion of incisors, Optimized Deep Bite Attachments for anchorage control, and Precision Bite
Ramps, all with the goal of improving levelling of the curve of Spee. In 2016, a new series of G6
attachments was introduced to improve the mechanics in first premolar extraction cases with
Optimized Retraction Attachments on the canines, Optimized Anchorage Attachments on the
posterior dentition, and increased anterior aligner activation to counteract maxillary incisor
extrusion and lingual tipping. Soon after, G7 Optimized Support Attachments were introduced to
aid in the intrusion of maxillary incisors and extrusion of lateral incisors.9 Several more
attachment systems exist outside those previously mentioned, including separate systems for
torqueing movements, root tip, anchorage, and extraction cases. Beyond attachments, auxiliaries
have been developed such as Precision Bite Ramps, which are not considered a true SmartForce®
feature but mimic anterior bite turbos. Precision cut-outs for the use of elastics in the correction
of anterior-posterior deficiencies in the permanent dentition can be added to aligners. Finally,
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Invisalign® recently launched the Mandibular Advancer for use in the anterior-posterior
correction of phase I or mixed dentition patients, expanding the scope of Invisalign ® treatment to
a younger cohort.9
Each SmartForce® feature has unique thresholds for placement. Optimized Extrusion
Attachments are indicated for the individualized extrusion of upper and lower anteriors and are
automatically applied when 0.5 mm of extrusion or more is requested. Separate extrusion systems
exist for grouped incisor extrusions and posterior extrusions. These attachments are also
separated from Optimized Multi-plane Attachments that are applied to maxillary lateral incisors
undergoing any extrusion of 0.1 mm or more in addition to crown tipping or rotation > 5° and
furthermore distinct from Optimized Support Attachments applied to maxillary lateral incisors
adjacent to central incisors or canines undergoing 1.0 mm or more of intrusion.9 Optimized
Pressure Areas are indicated for the individualized intrusion of upper and lower incisors and
lower canines and are automatically applied when 0.5 mm of intrusion or more is requested.
Optimized Deep Bite Attachments exist for grouped incisor intrusion, and are attachments
occurring on the premolars for anchorage.9 Optimized Rotation Attachments are indicated for
upper and lower canines and bicuspids undergoing rotations and are automatically applied when
rotation of 5° or more is requested. Optimized Multi-plane Attachments are for molars
undergoing similar rotations.9
Invisalign® software has continued to update with time. With continued development of
Invisalign®, new ClinCheck® software restrictions have been applied to specific movements.
Though thermoplastic aligners have been suggested to be able to move teeth 1.0 mm per aligner,1
Invisalign® has applied maximum movement allowances of 0.25 mm of linear translation, 2° of
rotation, and 1° of torque per aligner.9 Clinicians may request that these movements be slowed
down when clinical expertise suggests a movement may not track that quickly or when a larger
number of aligners are desired for the same end-goal. Clinicians are cautioned of difficult
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movements with blue or black dots on teeth undergoing moderate (blue) or advanced (black)
movements on the ClinCheck® treatment plan. Software algorithms have been made to follow
default hierarchies for preferred SmartForce® attachments when multiple Optimized Attachments
would apply to the movement needed on a given tooth. With the introduction of the Mandibular
Advancer also came software programming that allows room in an aligner for an erupting tooth.9
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CHAPTER II: REVIEW OF THE LITERATURE

Interest in clear aligner therapy is high, particularly due to marketing and public interest.
This breeds questions from practitioners regarding the advantages, disadvantages, and mechanics
of clear aligner therapy when compared to traditional fixed orthodontic treatment. However, a
significant obstacle in evaluating the use of clear aligner therapy such as Invisalign® is created by
the rapid evolution of these appliances. Throughout the years, research has been done on accuracy
of movements performed with Invisalign ®, but the material, attachments, auxiliaries, and software
algorithms of Invisalign® are constantly evolving, creating difficulties in calculating efficacies of
various movements.4 A 2018 systematic review by Papadimitriou et al. discusses the high
heterogeneity of studies published thus far with contradictory results and general ambiguity. 10
They noted an overall moderate quality of evidence, but a general consensus that Invisalign® is a
suitable alternative for mild to moderate malocclusions treated non-extraction when using
overcorrection and attachments.
A. Accuracy of Invisalign®
Invisalign® has been said to be least accurate in vertical and rotational movements. 11,12,13
Two commonly cited studies, even in today’s literature, were published by Kravitz in 200814 and
2009 11 regarding the efficacy of tooth movement using the Anterior Invisalign ® package, which
no longer exists, and utilizing the old PC30 material.11,14 The first study calculated the mean
accuracy of canine rotation to be 35.8% and concluded that attachments and interproximal
reduction did not significantly improve canine rotation. 14 The second study based on that same
sample calculated the mean accuracy of Invisalign® to be 41%, with extrusion of incisors as the
least accurate movement (18.3%) and lingual constriction as the most accurate movement
(47.1%).11 Each sample could have had no attachments, ellipsoid attachments, or conventional
attachments, and this was not focused on in this publication. In contrast, a systematic review by
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Galan-Lopez et alia12 published in 2019 concluded that IPR “favors precision movement” and
improves the derotation of canines. The authors of that systematic review agreed that attachments
for derotation are not clinically supported, but this was based on the Kravitz article from 200814
and another from 201415 in which ellipsoid attachments were common.
Simon et alia15 looked at the accuracy of incisor torque, premolar derotation, and molar
distalization in 2014. This study found no improvement in the movement of teeth with ellipsoid,
horizontal beveled, or Optimized Rotation Attachments or Power Ridges but was based on
treatment in the EX30 material. Premolar derotation > 10° was the least accurate movement,
completing only around 40% of the planned movement. The most inaccurate premolar derotations
were those > 15° and those involving staging of > 1.5° derotation per aligner. Incisor torque > 10°
also performed poorly, with only 50% of the planned movement completed. Molar distalization >
1.5mm was the most effective movement, with 88% of the planned distalization achieved when
attachments were used.15 Invisalign® appears better than the pendulum appliance at vertical
control and controlling molar tip when performing molar distalization. 16
Charalampakis et alia17 did a retrospective study of movements with Invisalign ® in 2017
using the current SmartTrack® material and found horizontal movements of incisors, incisor
extrusion, and premolar expansion to be accurate. The least accurate movements reported were
intrusion of incisors, with a median difference of 1.5 mm from the prediction, rotations especially
of the maxillary canines, which were incomplete by 3.0°, and maxillary canine expansion.
Maxillary premolar rotation was the most accurate movement, with an incompletion of only
0.9°.17 In this study, however, the orthodontist placed attachments and performed interproximal
reduction ad libitum and based on expertise, with no reporting of what specific attachments were
used, which teeth had attachments, or when or where interproximal reduction was performed,
which still leaves questions regarding what combinations were most accurate.
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Grünheid et alia18 did a retrospective cohort study of 30 consecutive patients in 2017
regarding predicted and achieved positions in all three planes of linear movement as well as all
three planes of angular movements (tip, torque, and rotation). While small statistically significant
differences were found in all directions, the only clinically relevant inaccuracy was maxillary
second molar torque, which had 2.13° more buccal crown torque than predicted, a phenomenon
possibly due to the biologic limits created by cortical bone, but a phenomenon reported in fixed
appliances as well. They concluded that anterior teeth were more extruded, canines and premolars
were not fully rotated, and there was deviation in all dimensions for posterior teeth, but these
were statistically significant sequelae, not clinically significant.
Dai et alia19 looked at predicted and achieved movement for first premolar extraction
cases in 2019 and found that vertical attachments – the conventional attachment commonly
requested by experienced practitioners in these situations – were actually the worst at controlling
mesiodistal tip and translation and better at vertical control. Instead, horizontal attachments and
G6-optimized attachments were better at controlling mesiodistal tip and translation. This is
important to note, as it could imply a paradigm shift in attachment prescription for optimal
success. Power Ridges and incisor attachments were not routinely prescribed and not emphasized.
B. Side Effects of Invisalign®

Invisalign® treatment is said to alter the occlusal plane clockwise and deepen the bite due
to the bite-block effect occurring from wearing two 0.38 mm aligners full-time.17,18,19,20 Krieger et
alia21 investigated discrepancies of overbite and overjet from the prediction in ClinCheck®
compared to the final clinical result, and found the mean increase in overbite to be 0.71 mm ±
0.97 mm. Overjet was increased by 0.34 mm ± 0.54 mm from the predicted result. It should be
noted that this was using the older material. Certain studies have advocated for the use of
Invisalign® in hyperdivergent patients, as the intrusive bite-block effect can counter-act biteopening mechanics, leading to a form of vertical control to prevent bite from opening in the
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anterior during treatment.16 Furthermore, Invisalign® has been suggested as a good treatment
modality in the closure of pre-existing anterior open bites.20 There are no current studies
published on the mean bite-deepening of LD30, which is a thinner material. No studies were
found regarding the effect of Precision Bite Ramps, though these are meant to alter the bitedeepening effect as well.
C. Variables Affecting Outcome
Many variables may affect the outcome of Invisalign® treatment. Chisari et alia22 showed
improved expression when performing movements in smaller steps, namely 0.25 mm versus 0.5
mm. Likewise, although Invisalign® allows a maximum of 2° of rotation per aligner9 , GalanLopez et alia12 only recommended ≤ 1.5° of correction per aligner.
In a study comparing different variables that could affect orthodontic tooth movement
with clear aligners, Chisari et alia22 showed that there was no association between rate of tooth
movement with sex and race. Though no correlation with age was found based on the Pearson
correlation coefficient (-0.021), they suggested a quadratic correlation for women, with increased
tooth movement in younger and older women and decreased tooth movement in women around
40 years. This contrasted to men, in whom they suggested a linear correlation with a slight
decline in older ages.
Compliance is a significant concern with any removable appliance or adjunct, including
headgear, elastics, and retainers.23 Invisalign® treatment relies heavily upon patient cooperation,
as the patient has to be responsible for wearing the aligners full-time in order to see any
anticipated results. Align Technology recommends patient wear Invisalign ® aligners 20 to 22
hours per day, switching aligners every one to two weeks.24 Al-Moghrabi et alia did a systematic
review and meta-analysis on patient compliance with removable orthodontic appliances and
found that it is common for patients to overestimate wear of their Invisalign ® aligners by an
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average of 5 hours.23 Patients tend to be more compliant in the earlier stages of treatment, and
most studies, but not all, support that younger individuals are more compliant. 23 There is
conflicting evidence on the association of compliance with gender, with several studies reporting
different genders as more compliant, yet others reporting no difference. 23 Due to the heavy
reliance of Invisalign® treatment outcomes upon patient compliance, factors associated with
decreased patient compliance may thereby be associated with the efficacy of Invisalign®
treatment.
D. Invisalign® vs. Fixed Appliances

When comparing appliance systems, dentoalveolar width increases are greatest for selfligating brackets, intermediate for Invisalign ®, and least for conventional bracket systems.12
Invisalign® appears to produce expansion of the maxillary first molar at 68.1% efficacy from the
ClinCheck® prediction, but CBCT imaging shows that true bodily expansion is only obtained at
36.35 ± 29.32%, and is significantly affected by the amount of expansion planned and the initial
torque of the maxillary molar.25 On average, the maxillary molar torqued 2.07 ± 3.27° more than
predicted. Apparent expansion efficacy was improved toward the anterior, achieving an average
of 80% apparent expansion at the canine, but this was largely achieved by tipping. Zhou and Guo
therefore recommended placing negative torque in the ClinCheck ® when expanding to counteract
this effect.
Due to the high potential for tipping, it has been suggested that the potential for relapse
for Invisalign® versus fixed orthodontic appliances is greater as aligners encourage tipping of the
teeth as opposed to bodily movement.12 This appears to depend upon the exact mechanics
planned. Hennessy et alia26 performed a randomized clinical trial comparing fixed labial
appliances to Invisalign® and showed that the two treatments were equivalent in mandibular
incisor proclination following the resolve of mild crowding with third generation attachments and
equivalent IPR in both groups. They proposed Invisalign ® treatment may actually help to
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minimize mandibular incisor proclination from the combination of focused tooth movement as
well as decreased moments. Thus, it would appear the amount of tipping and resultant instability
of both treatments depend at least in part upon the planning and performance of the practitioner.
Different grading criteria have been used to evaluate the accuracy of Invisalign ®.
Grünheid et alia18 stated that a 0.5 mm marginal ridge discrepancy can be created by a 2° molar
tip, and therefore used 2° as a clinically-relevant threshold for all angular movements (tip, torque,
and rotation), finding the only clinically-relevant discrepancy to be in the torque of the maxillary
second molars. However, Buschang et alia13 disagree, noting that actual clinical outcomes
received significantly greater American Board of Orthodontics Objective Grading System
Deductions than the ClinCheck® prediction (24 versus 15, respectively), with that discrepancy
existing in every single category of the Objective Grading System, but placing the true
Invisalign® finish within the realm of clinically acceptable. Gu et alia27 noted somewhat similar
outcomes based on the United Kingdom Weighted Peer Assessment Rating Index. When
compared to conventional braces, Invisalign ® did reduce the PAR Index, but only had a 33%
chance of achieving “great improvement” compared to the fixed braces group. The category of
“great improvement” was achieved by reducing the PAR by 22 points or achieving a final score
of 0. One notable finding of this study was that Invisalign® and fixed appliances improved the
PAR score by the same amount per month, but Invisalign ® treatments finished significantly faster
than conventional braces treatments (13.35 months versus 19.08 months, respectively). Based on
this data, one could question whether Invisalign ® truly results in inferior treatment, or whether
this discrepancy is due to earlier debonding (average = 5.7 months 27). Buschang et alia13 suggests
a full finishing and detailing phase after one round of Invisalign ® to achieve the desired results.
E. Invisalign® as a Treatment Alternative

Clear aligners are said to offer advantages in improved esthetics, fewer clinical
emergencies, superior patient comfort, and improved oral hygiene and periodontal health. 4 Some
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articles disagree on the specific relationship of Invisalign ® to individual gingival health
parameters, but there is a general consensus that the removable nature of Invisalign ® allows for
more efficient oral hygiene and better gingival health. 28,29,30 Invisalign® treatment is correlated
with reduced plaque accumulation, gingival index, papillary bleeding index, bleeding on probing,
and sulcus probing depth.29,30 In addition, Invisalign® patients tend to require less time (average
1.5 minutes less) to complete basic oral hygiene.30 Because of these findings, Invisalign® is
recommended as an appropriate orthodontic treatment in patients with compromised periodontal
health.29
The incidence of root resorption with Invisalign ® is reported as less-than31 to equivalentwith31,32 the incidence of root resorption in conventional braces. While all patients undergoing
Invisalign® treatment showed some evidence of root shortening, root shortening is generally less
than 10% and does not affect the clinical outcome long-term health of the tooth.32 Cases of severe
root shortening of greater than 20% of the original root length is limited to 3.7% of teeth.32
Similar orthodontic precautions to avoid excessive forces should be applied to Invisalign ®
treatment as is done for fixed appliance treatment, as root resorption is still possible.
Patient satisfaction with Invisalign® is high. Patients receiving Invisalign® tend to report
better general well-being and decreased inhibition to laugh due to appearance. 30 They also report
improved satisfaction with eating when compared to conventional braces.30,33 While 78% of
conventional braces patients report a willingness to undergo the same treatment again, a
staggering 98% of Invisalign® patients would repeat the treatment.30
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CHAPTER III: OBJECTIVES

The primary objectives of this study are to quantify current efficacies (actual movement
divided by predicted movement) and discrepancies (actual movement – predicted movement) of:
•

Incisor, canine, and premolar rotations ≥ 5°

•

Incisor and canine intrusions ≥ 0.5 mm

•

Incisor and canine extrusions ≥ 0.5 mm

Secondary objectives will be to search for any correlation of efficacies and discrepancies
with:
•

Date of ClinCheck® approval

•

Age

•

Gender

•

Interproximal reduction

•

Type of attachment, including no attachment

•

Tooth undergoing movement

•

Number of trays in ClinCheck®

•

Days from ClinCheck® to end-of-series scan

The thresholds of 0.5 mm of linear movement and 5° of rotation were chosen because
these are the Invisalign® software thresholds for the addition of Optimized Attachments.9
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CHAPTER IV: MATERIALS AND METHODS

A. Sample Description

This study consisted of orthodontic patients treated with Invisalign® (Align Technology,
Santa Clara, CA) at Marquette University (Milwaukee, WI) in the graduate orthodontic clinic.
Due to the descriptive nature of the study, power analysis suggested that 30 data points for each
movement should be sufficient to establish a power of 0.95. All patients presenting for
Invisalign® treatment January 1, 2014 through December 31, 2018 were reviewed for inclusion
for a total of 39 potential subjects. Of those potential subjects, four were immediately discarded
due to a lack of the necessary scans, two more were discarded due to poor compliance, and four
more ultimately did not have any movements that applied to this study. Therefore, the final study
sample consisted of 29 patients – 18 females and 11 males – resulting in 67 intrusions, 39
extrusions, and 98 rotations (204 cumulative tooth movements) meeting or surpassing the study
thresholds of 0.5 mm, 0.5 mm, and 5°, respectively, which were based on Invisalign ® defaults for
the use of Optimized Attachments. Patients ranged in age from 13 to 69 years with an average age
of 33 years. All patients were in the permanent dentition. Treatment was provided by several
different residents and overseeing faculty. ClinCheck® dates utilized ranged from January 3, 2017
through May 14, 2019. Treatment time ranged from 116 to 491 days (average = 226 days, nearly
7.5 months) and involved 10 to 69 aligners (average = 24). Attachments and interproximal
reduction were generally planned according to Invisalign® defaults but were ultimately prescribed
for each ClinCheck® at the discretion of the treating faculty. This study was approved by the
Institutional Review Board under protocol HR-3520.
B. Inclusion and Exclusion Criteria

The inclusion criteria were: (1) patients treated with Invisalign® in the Marquette
University graduate orthodontics clinic, (2) a consecutive pair of pre-ClinCheck® and post-series
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scans (3) no notation of poor patient compliance, (4) completion of the full series of aligners
(excluding overcorrection aligners), (5) no alteration to the treatment plan during the aligner
series studied.
The exclusion criteria were: (1) no consecutive pair of scans available, (2) notation of
poor compliance in the patient’s chart, (3) full series of aligners not completed, such as with midcourse corrections, (4) unplanned addition of auxiliaries, (5) alterations to the aligners, such as
with dimples, (6) alterations to the dentition that would alter the accuracy of superimposition.
C. Data Retrieval

The first consecutive pair of initial, progress, and/or final scans of patients treated with
Invisalign® at the Marquette University Resident Orthodontics Clinic were retrieved from the
iTero® database in the form of three-dimensional .stl (stereolithography) files. Gender, age, scan
dates, and presence or absence of IPR per arch were also retrieved at this time. The earliest paired
scans retrievable started in 2017 from a patient presenting in December 2016. Not all stages had
scans that were available, apparently due to submission via analog impression or data loss. The
first consecutive pair of scans was generally the initial and first progress scan – or final scan in
the case of no refinements – however, for some patients the first consecutive pair of scans
available was actually from the first or second refinement. This was especially true of the earliest
presenting patients, whose original records were submitted using polyvinylsiloxane impressions
instead of digital scans as per normal procedure in the Marquette University resident clinic at the
time, so iTero scans could not be retrieved. Corresponding ClinCheck® final stages in the form of
three-dimensional .stl files were downloaded from ClinCheck Pro® version 5.0 (© Align
Technology Inc., 2019). Each patient is therefore represented by the first available set of (1) preClinCheck® scan, (2) ClinCheck® final stage model, and (3) post-ClinCheck® scan.
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D. Superimposition and Measurement

All superimpositions and measurements were performed by a single examiner. Threedimensional pre-ClinCheck® files were first superimposed with ClinCheck® final stage models
using SlicerCMF4-0 software (Figure 2). These files were superimposed based on a whole-arch
best fit algorithm in which each tooth included in the aligner was given one fiducial marker in the
center of the occlusal or incisal surface when able, though occasionally placed at a different
location on the incisal or occlusal surface when voids in the data existed making preferential
fiducial placement impossible.

Figure 2. Superimposition of Initial Scan and ClinCheck® using SlicerCMF4-0
Initial scan shown in beige, ClinCheck ® shown in red. Some fiducial markers are visible as red points
(initial scan) or blue points (ClinCheck®).

Measurements of intrusions and extrusions were calculated by superior-inferior
discrepancy (millimeters) at the mesiodistal center of the incisal edge of maxillary and
mandibular incisors and canines (Figure 3). Any teeth undergoing intrusion or extrusion ≥ 0.5
mm based upon the SlicerCMF4-0 superimposition were recorded along with their respective
linear measurement of intrusion or extrusion. Measurements of rotations were calculated by
differences in yaw (degrees) using lines from the mesiofacial-incisal/occlusal point angle to
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distofacial-incisal/occlusal point angle of incisors, canines, and premolars (Figure 4). Any teeth
undergoing rotation ≥ 5° based upon the SlicerCMF4-0 superimposition were recorded along
with their respective angular measurement of rotation. This produced a record of all relevant
intrusions, extrusions, and rotations for each patient meeting or surpassing the study thresholds of
0.5 mm, 0.5 mm, and 5°, respectively, which were based on Invisalign ® defaults for the use of
Optimized Attachments. These measurements are referred to as the “predicted movements”.

Figure 3. Analysis of Linear Differences using SlicerCMF4-0
Initial scan shown in beige, ClinCheck® shown in red. White bracket illustrates linear difference.
Arrow draws attention to bracket.
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Figure 4. Analysis of Angular Differences using SlicerCMF4-0
Initial scan shown in beige, ClinCheck ® shown in red. White lines illustrate incisal edge yaws. Acute
angle between represents angular difference. Arrow draws attention to white lines.

The same three-dimensional pre-ClinCheck® files were then superimposed with their
corresponding post-ClinCheck® files in the same manner as above. Corresponding intrusions,
extrusions, and rotations for teeth that had surpassed the study threshold measurements based
upon the first superimposition (pre-ClinCheck® scan and ClinCheck® final stage model) were
calculated again between the pre-ClinCheck® scan and post-ClinCheck® scan for each patient,
and measurements were recorded. These measurements are referred to as the “actual
movements”.
Records of each relevant sample were reviewed for the presence or absence of
attachment, and in cases of attachment presence, the category of attachment was notated. If no
attachment was on the tooth of interest, the notation “N” for “none” was used. If a conventional
attachment was present, the notation “C” for “conventional” was used. Optimized Attachments
were reviewed for the specific movements they are optimized for and placed in two separate
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categories. Teeth undergoing a movement with a complementary Optimized Attachment (e.g. an
Optimized Extrusion Attachment or Optimized Multi-Plane Movement Attachment on a tooth
undergoing extrusion) were denoted by “O” for “optimized for that movement”. This contrasted
from the final category of “X” for “optimized for other movements”, denoting teeth that were
undergoing one movement with an optimized attachment that was specific to a different
movement (e.g. an Optimized Rotation Attachment on a tooth undergoing extrusion).
E. Data Analysis

All linear measurements were rounded to a tenth of a millimeter. Though the software
would give measurements to the thousandth of a millimeter, the ability to measure and interpret
distances smaller than a tenth of a millimeter was deemed erroneous. All rotation measurements
were rounded to a single degree for the same reasoning.
Efficacy was calculated as the actual movement divided by the predicted movement,
reflecting the amount of movement accomplished. A value of one denotes a 100% accurate
movement, whereas zero denotes no movement at all. Values could be greater than one if the
movement overperformed, or less than zero if the tooth went in the opposite direction as planned.
Discrepancy was calculated as the actual movement minus the predicted movement,
reflecting the amount of movement unaccomplished. Thus, if the actual movement was less than
the predicted movement, the resulting discrepancy would be a negative number. If the actual
movement was greater than the predicted movement, the resulting discrepancy would be a
positive number. The value zero denotes an accurate movement.
Descriptive statistics were calculated for each movement measured (namely, intrusion,
extrusion, and rotation). For comparisons of two discrete variables, t-tests were performed. This
applied to interproximal reduction (yes or no) as well as gender (male or female). Equality of
variances were first calculated to determine whether group variances were equal or unequal.
When folded-F tests returned a p-value greater than 0.05, equal variance was assumed, and a
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pooled t-test was used. When folded-F tests returned a p-value equal to or less than 0.05, unequal
variance was assumed, and a Satterthwaite t-test was used.
For comparisons of multiple discrete variables, one-way ANOVA was performed with
alpha set at 0.05. This applied to attachments (C, N, O, or X) as well as tooth (U1, U2, U3, U4,
U5, L1, L2, L3, L4, and L5). Independent t-test p-values were then compared with post-hoc
Bonferroni alpha adjustments to assess for significance controlling for a family-wise error rate
when doing multiple comparisons. Tests with a p-value greater than the post-hoc Bonferroni
adjusted alpha were concluded statistically insignificant.
For comparisons of continuous variables, data points were plotted and simple linear
regressions were calculated and verified against residual plots. Coefficients of determination were
computed to determine the direct effect of the independent variable upon the dependent variable.
This method was used for the following tests: subject age at ClinCheck® in years, ClinCheck®
date, number of trays in the series, and treatment time in days.
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CHAPTER V: RESULTS

A. Sample Characteristics

This study assessed 67 intrusions, 39 extrusions, and 98 rotations for a sum of 204
movements. The average amount of intrusion planned was 0.76 mm (range: 0.5 mm to 1.4 mm),
with an average of 0.30 mm expressed (mean discrepancy = -0.45 mm, mean efficacy = 39%).
The average amount of extrusion planned was 0.77 mm (range: 0.5 mm to 1.2 mm), with an
average of 0.41 mm expressed (mean discrepancy = -0.36 mm, mean efficacy 53%). The average
amount of rotation planned was 13.8° (range: 5.0° to 41.0°), with an average of 7.0° expressed
(mean discrepancy = -6.8°, mean efficacy = 51%). A summary of these findings including ranges
are shown in Table 1.

Table 1. Descriptive Statistics by Intrusion, Extrusion, and Rotation
Planned
Movement

Actual Movement

Efficacy

Discrepancy

Intrusions

x̄ = 0.76mm
[0.50 – 1.40mm]

x̄ = 0.30mm
[-0.40 – 0.90mm]

x̄ = 39%
[-80% – 100%]

x̄ = -0.45mm
[-1.20 – 0.00mm]

Extrusions

x̄ = 0.77mm
[0.50 – 1.20mm]

x̄ = 0.41mm
[-.20 – 1.20mm]

x̄ = 53%
[-25% – 167%]

x̄ = -0.36mm
[-1.20 – 0.40mm]

Rotations

x̄ = 13.8°
[5.0 – 41.0°]

x̄ = 7.0°
[-11.0 – 33.0°]

x̄ = 51%
[-122% – 250%]

x̄ = -6.8°
[-33.0 – 14.0°]

Sample means (x̄) and ranges of measured movements. Ranges are listed in brackets. A negative efficacy indicates
movement in the opposite direction, whereas values above 100% indicate over-expression. Discrepancies are expressed
as negative numbers with values of zero indicating ideal expression and positive values indicating over-expression.

Additional statistical tests were divided amongst intrusions, extrusions, and rotations, with
further individual tests for the efficacy (predicted movement minus actual movement) and
discrepancy (actual movement divided by predicted movement) of each. Therefore, each variable
reviewed has six individual tests. Intra-examiner reliability was excellent during this study.
Cronbach’s Alpha was 0.999. The Intraclass Correlation Coefficient was 0.997 (95% CI: 0.890 –
1.000).
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B. Gender

This study included 29 patients consisting of 18 females and 11 males. Basic descriptive
statistics for gender are shown in Table 2.

Table 2. Descriptive Statistics for Gender by Individual Test
Total Samples
Intrusions: Efficacy

67

Intrusions: Discrepancy

67

Extrusions: Efficacy

39

Extrusions: Discrepancy

39

Rotations: Efficacy

98

Rotations: Discrepancy

98

n

x̄

sd

F = 40
M = 27
F = 40
M = 27
F = 28
M = 11
F = 28
M = 11
F = 37
M = 61
F = 37
M = 61

38%
40%
-0.48mm
-0.41mm
54%
53%
-0.35mm
-0.38mm
51%
52%
-5.1°
-7.9°

27%
46%
0.24mm
0.30mm
41%
50%
0.34mm
0.40mm
81%
38%
8.7°
7.5°

Sample sizes (n), means (x̄) and standard deviations (sd) of measured movements. Discrepancies are expressed as
negative numbers.

Statistical comparisons for each test are shown in Table 3. Folded-F tests generally
revealed that the compared samples could be assumed to have equal variance, and for these tests,
a pooled t-test was performed. However, for intrusions: efficacy and rotations: efficacy, the
folded-F p-value was significant, indicating that the variances could not be assumed to be equal.
For these tests, Satterthwaite t-tests accounting for different sample variances were used. Gender
was not significantly associated with the efficacy or discrepancy of any movement.
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Table 3. Statistical Analysis of Gender by Individual Test
Folded-F test

Variance

Intrusions: Efficacy

p = 0.0021

Unequal

Intrusions: Discrepancy

p = 0.1766

Equal

Extrusions: Efficacy

p = 0.3430

Equal

Extrusions: Discrepancy

p = 0.4366

Equal

Rotations: Efficacy

p < 0.0001

Unequal

Rotations: Discrepancy

p = .3174

Equal

t-test
Satterthwaite
p = 0.8090
Pooled
p = 0.3111
Pooled
p = 0.95193
Pooled
p = 0.7871
Satterthwaite
p = 0.9460
Pooled
p = 0.1028

Significance
-

Students t-tests between genders by movement. No results were significant (p > 0.05).

C. Age at ClinCheck®

Age at initial ClinCheck® ranged from 13 to 69 years with an average age of 33 years.
Samples were plotted by year and simple linear regressions were calculated per individual test.
Coefficients of determination (R2) were calculated to illustrate the extent to which the dependent
variable can be predicted by the patient’s age at initial ClinCheck ®. Each individual test is shown
in Figures 5 – 10.
Both efficacy of intrusion and rotation were negatively correlated with age (p < 0.01).
That is, increasing age was associated with poorer performance of intrusion and rotation but had
no association with the performance of extrusion.
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Figure 5. Fit Plot for Age at ClinCheck® on Efficacy of Intrusion
The negative correlation is statistically significant (p = 0.0007) with a coefficient of determination
(R2) of 0.16.

Figure 6. Fit Plot for Age at ClinCheck® on Discrepancy of Intrusion
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Figure 7. Fit Plot for Age at ClinCheck® on Efficacy of Extrusion

Figure 8. Fit Plot for Age at ClinCheck® on Discrepancy of Extrusion
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Figure 9. Fit Plot for Age at ClinCheck® on Efficacy of Rotation
The negative correlation is statistically significant (p = 0.0058) with a coefficient of determination
(R2) of 0.08.

Figure 10. Fit Plot for Age at ClinCheck® on Discrepancy of Rotation
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D. Tooth
Intrusions and extrusions ≥ 0.5 mm were assessed for maxillary and mandibular incisors
and canines whereas rotations were assessed on the former as well as maxillary and mandibular
premolars. Basic descriptive statistics for the assessment of individual teeth are shown in Table 4.
Right and left sides were grouped together during the analysis.
Statistical comparisons for each test are shown in Tables 5 – 10. Though several
individual comparisons of teeth initially suggested statistical significance, no tests were
statistically significant after post-hoc Bonferroni adjustment for family-wise error (all p > α).
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Table 4. Descriptive Statistics for Designated Teeth by Individual Test

Intrusions: Efficacy

Intrusions: Discrepancy

Extrusions: Efficacy

Extrusions: Discrepancy

Rotations: Efficacy

Rotations: Discrepancy

Total Samples

n

x̄

sd

67

U1 = 17
U2 = 3
U3 = 4
L1 = 17
L2 = 19
L3 = 7

29%
68%
67%
27%
45%
46%

30%
25%
29%
44%
30%
25%

67

U1 = 17
U2 = 3
U3 = 4
L1 = 17
L2 = 19
L3 = 7

-0.55mm
-0.20mm
-0.23mm
-0.53mm
-0.41mm
-0.39mm

0.25mm
0.14mm
0.18mm
0.31mm
0.23mm
0.20mm

39

U1 = 5
U2 = 11
U3 = 10
L1 = 3
L2 =2
L3 = 8

96%
48%
30%
26%
40%
78%

23%
41%
37%
44%
0%
41%

39

U1 = 5
U2 = 11
U3 = 10
L1 = 3
L2 = 2
L3 = 8

-0.02mm
-0.46mm
-0.54mm
-0.53mm
-0.30mm
-0.14mm

0.19mm
0.36mm
0.32mm
0.34mm
0.00mm
0.23mm

98

U1 = 13
U2 = 13
U3 = 11
U4 = 7
U5 = 5
L1 = 8
L2 = 8
L3 = 17
L4 = 9
L5 = 7

37%
54%
42%
80%
37%
87%
18%
51%
64%
52%

74%
70%
50%
60%
28%
34%
47%
55%
31%
54%

98

U1 = 13
U2 = 13
U3 = 11
U4 = 7
U5 = 5
L1 = 8
L2 = 8
L3 = 17
L4 = 9
L5 = 7

-7.5°
-7.8°
-10.0°
-3.0°
-6.0°
-2.0°
-8.8°
-6.6°
-5.3°
-7.6°

7.7°
10.7°
9.5°
9.7°
2.3°
3.7°
6.1°
7.9°
4.0°
8.1°

Sample sizes (n), means (x̄) and standard deviations (sd) of measured movements. Discrepancies are expressed as
negative numbers.
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Table 5. Statistical Analysis of Tooth on Efficacy of Intrusion by Individual Test

Intrusions:
Efficacy

Comparison

|Δ x̄ |

95% CI

p-value

αadj

U1 - U2
U1 - U3
U1 - L1

39%
38%
1%

-28% - 106%
-22% - 97%
-35% - 38%

> 0.05
0.045
> 0.05

-

U1 - L2
U1 - L3
U2 - U3
U2 - L1
U2 - L2
U2 - L3
U3 - L1
U3 - L2

16%
17%
1%
40%
23%
22%
39%
22%

-20% - 51%
-31% - 65%
-81% - 82%
-27% - 107%
-44% - 89%
-52% - 96%
-20% - 99%
-37% - 81%

> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

-

U3 - L3
L1 - L2
L1 - L3
L2 - L3

21%
17%
18%
1%

-46% - 88%
-19% - 53%
-30% - 66%
-46% - 48%

> 0.05
> 0.05
> 0.05
> 0.05

Sig

0.003

-

One-way ANOVA of teeth by efficacy of intrusion. Absolute difference between sample means (|Δ x̄ |) analyzed by ttests with 95% confidence intervals (95% CI) and individual p-values shown. Bonferroni adjustment of α (αadj.) shown.
No results were significant (p > α).

Table 6. Statistical Analysis of Tooth on Discrepancy of Intrusion by Individual Test

Intrusions:
Discrepancy

Comparison

|Δ x̄ |

95% CI

p-value

αadj

Sig

U1 - U2
U1 - U3
U1 - L1
U1 - L2
U1 - L3
U2 - U3
U2 - L1
U2 - L2

0.35
0.32
0.02
0.14
0.16
0.03
0.33
0.21

-0.15 – 0.84mm
-0.12 – 0.76mm
-0.26 – 0.29mm
-0.13 – 0.40mm
-0.20 – 0.52mm
-0.58 – 0.63mm
-0.17 – 0.83mm
-0.28 – 0.70mm

0.036
0.029
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

0.003

-

U2 - L3
U3 - L1

0.19
0.30

-0.36 – 0.73mm
-0.14 – 0.75mm

> 0.05
> 0.05

-

U3 - L2
U3 - L3
L1 - L2
L1 - L3
L2 - L3

0.19
0.16
0.12
0.14
0.02

-0.25 – 0.62mm
-0.34 – 0.66mm
-0.15 – 0.38mm
-0.21 – 0.50mm
-0.33 – 0.38mm

> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

-

One-way ANOVA of teeth by discrepancy of intrusion. Absolute difference between sample means (|Δ x̄ |) analyzed by
t-tests with 95% confidence intervals (95% CI) and individual p-values shown. Bonferroni adjustment of α (α adj.) shown.
No results were significant (p > α).
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Table 7. Statistical Analysis of Tooth on Efficacy of Extrusion by Individual Test

Extrusions:
Efficacy

Comparison

|Δ x̄ |

95% CI

p-value

αadj

U1 - U2
U1 - U3
U1 - L1

48%
66%
70%

-21% - 117%
-4% - 136%
-24% - 163%

0.038
0.005
0.045

-

U1 - L2
U1 - L3
U2 - U3
U2 - L1
U2 - L2
U2 - L3
U3 - L1
U3 - L2

56%
18%
18%
22%
8%
30%
4%
10%

-51% - 163%
-55% - 91%
-38% - 73%
-62% - 105%
-90% - 106%
-29% - 89%
-80% - 88%
-89% - 109%

0.032
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

-

U3 - L3
L1 - L2
L1 - L3
L2 - L3

48%
14%
52%
38%

-13% - 108%
-103% - 130%
-35% - 138%
-63% - 139%

0.025
> 0.05
> 0.05
> 0.05

Sig

0.003

-

One-way ANOVA of teeth by efficacy of extrusion. Absolute difference between sample means (|Δ x̄ |) analyzed by ttests with 95% confidence intervals (95% CI) and individual p-values shown. Bonferroni adjustment of α (α adj.) shown.
No results were significant (p > α).

Table 8. Statistical Analysis of Tooth on Discrepancy of Extrusion by Individual Test

Extrusions:
Discrepancy

Comparison

|Δ x̄ |

95% CI

p-value

αadj

U1 - U2
U1 - U3
U1 - L1

0.44mm
0.52mm
0.51mm

-0.11 – 0.99mm
-0.04 – 1.08mm
-0.23 – 1.26mm

0.030
0.008
> 0.05

-

U1 - L2
U1 - L3
U2 - U3
U2 - L1

0.28mm
0.12mm
0.08mm
0.07mm

-0.58 – 1.14mm
-0.47 – 0.70mm
-0.37 – 0.52mm
-0.60 – 0.74mm

> 0.05
> 0.05
> 0.05
> 0.05

-

U2 - L2
U2 - L3
U3 - L1
U3 - L2
U3 - L3
L1 - L2
L1 - L3
L2 - L3

0.16mm
0.33mm
0.01mm
0.24mm
0.40mm
0.23mm
0.40mm
0.16mm

-0.62 – 0.95mm
-0.15 – 0.80mm
-0.67 – 0.68mm
-0.55 – 1.03mm
-0.08 – 0.89mm
-0.70 – 1.17mm
-0.30 – 1.09mm
-0.65 – 0.97mm

> 0.05
> 0.05
> 0.05
> 0.05
0.012
> 0.05
> 0.05
> 0.05

0.003

Sig

-

One-way ANOVA of teeth by discrepancy of extrusion. Absolute difference between sample means (|Δ x̄ |) analyzed by
t-tests with 95% confidence intervals (95% CI) and individual p-values shown. Bonferroni adjustment of α (α adj.) shown.
No results were significant (p > α).
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Table 9. Statistical Analysis of Tooth on Efficacy of Rotation by Individual Test

Rotations:
Efficacy

Comparison

|Δ x̄ |

95% CI

p-value

U1 - U2
U1 - U3
U1 - U4
U1 - U5
U1 - L1
U1 - L2
U1 - L3
U1 - L4
U1 - L5
U2 - U3
U2 - U4
U2 - U5
U2 - L1
U2 - L2
U2 - L3
U2 - L4
U2 - L5
U3 - U4
U3 - U5
U3 - L1
U3 - L2
U3 - L3
U3 - L4
U3 - L5
U4 - U5
U4 - L1
U4 - L2
U4 - L3
U4 - L4
U4 - L5
U5 - L1
U5 - L2
U5 - L3
U5 - L4
U5 - L5
L1 - L2
L1 - L3
L1 - L4
L1 - L5
L2 - L3
L2 - L4
L2 - L5
L3 - L4
L3 - L5
L4 - L5

17%
5%
44%
0%
50%
19%
14%
27%
15%
11%
27%
17%
34%
35%
3%
11%
2%
38%
5%
45%
24%
8%
22%
10%
44%
7%
62%
30%
16%
29%
51%
19%
14%
28%
15%
69%
37%
23%
35%
32%
46%
34%
14%
1%
12%

-60% - 94%
-75% - 86%
-49% - 136%
-103% - 104%
-38% - 139%
-70% - 107%
-59% - 86%
-58% - 113%
-77% - 107%
-69% - 92%
-65% - 119%
-87% - 120%
-54% - 122%
-53% - 124%
-69% - 75%
-74% - 96%
-91% - 94%
-57% - 133%
-101% - 111%
-46% - 136%
-67% - 115%
-68% - 84%
-66% - 110%
-85% - 105%
-71% - 159%
-95% - 109%
-39% - 164%
-58% - 118%
-83% - 115%
-77% - 134%
-61% - 163%
-93% - 131%
-86% - 114%
-82% - 137%
-100% - 130%
-29% - 167%
-48% - 121%
-72% - 119%
-66% - 137%
-52% - 117%
-49% - 142%
-68% - 136%
-67% - 95%
-87% - 90%
-87% - 111%

> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
0.007
> 0.05
> 0.05
> 0.05
> 0.05
0.038
> 0.05
> 0.05
> 0.05
> 0.05

αadj

Sig

0.001

-

One-way ANOVA of teeth by efficacy of rotation. Absolute difference between sample means (|Δ x̄ |) analyzed by t-tests
with 95% confidence intervals (95% CI) and individual p-values shown. Bonferroni adjustment of α (α adj.) shown. No
results were significant (p > α).
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Table 10. Statistical Analysis of Tooth on Discrepancy of Rotation by Individual Test

Rotations:
Discrepancy

Comparison

|Δ x̄ |

95% CI

p-value

U1 - U2
U1 - U3
U1 - U4
U1 - U5
U1 - L1
U1 - L2
U1 - L3
U1 - L4
U1 - L5
U2 - U3
U2 - U4
U2 - U5
U2 - L1
U2 - L2
U2 - L3
U2 - L4
U2 - L5
U3 - U4
U3 - U5
U3 - L1
U3 - L2
U3 - L3
U3 - L4
U3 - L5
U4 - U5
U4 - L1
U4 - L2
U4 - L3
U4 - L4
U4 - L5
U5 - L1
U5 - L2
U5 - L3
U5 - L4
U5 - L5
L1 - L2
L1 - L3
L1 - L4
L1 - L5
L2 - L3
L2 - L4
L2 - L5
L3 - L4
L3 - L5
L4 - L5

0.2°
2.5°
4.5°
1.5°
4.7°
1.2°
0.9°
2.2°
0.0°
2.2°
4.8°
1.8°
4.9°
1.0°
1.1°
2.4°
0.2°
7.0°
4.0°
7.1°
1.3°
3.4°
4.7°
2.4°
3.0°
0.1°
5.8°
3.6°
2.3°
4.6°
3.1°
2.8°
0.6°
0.7°
1.6°
5.9°
3.8°
2.5°
4.7°
2.1°
3.4°
1.2°
1.3°
0.9°
2.2°

-10.7 – 11.2°
-9.0 – 13.9°
-8.5 – 17.6°
-13.1 – 16.2°
-7.9 – 17.2°
-11.3 – 13.7°
-9.4 – 11.2°
-9.9 – 14.3°
-13.0 – 13.1°
-9.2 – 13.7°
-8.3 – 17.8°
-12.9 – 16.4°
-7.6 – 17.4°
-11.6 – 13.5°
-9.2 – 11.4°
-9.7 – 14.5°
-12.9 – 13.3°
-6.5 – 20.5°
-11.0 – 19.0°
-5.8 – 20.1°
-11.7 – 14.2°
-7.4 – 14.1°
-7.9 – 17.2°
-11.1 – 15.9°
-13.3 – 19.3°
-14.3 – 14.6°
-8.7 – 20.2°
-8.9 – 16.2°
-11.7 – 16.4°
-10.3 – 19.5°
-12.8 – 19.0°
-13.2 – 18.7°
-13.5 – 14.8°
-14.9 – 16.2°
-14.8 – 17.9°
-8.1 – 19.8°
-8.2 – 15.7°
-11.1 – 16.0°
-9.7 – 19.1°
-9.9 – 14.1°
-10.1 – 17.0°
-13.3 – 15.6°
-10.2 – 12.8°
-11.6 – 13.5°
-11.8 – 16.3°

> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
0.047
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

αadj

Sig

0.001

-

One-way ANOVA of teeth by discrepancy of rotation. Absolute difference between sample means (|Δ x̄ |) analyzed by ttests with 95% confidence intervals (95% CI) and individual p-values shown. Bonferroni adjustment of α (α adj.) shown.
No results were significant (p > α).
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E. Attachment

In this study, 82 samples had no attachment (N), 35 samples had conventional
attachments (C), 36 samples had Optimized Attachments optimized for the movement of interest
(O), and 51 samples had Optimized Attachments optimized for a different movement (X). Basic
descriptive statistics for types of attachment by individual test are shown in Table 11. Note that
intrusions do not have attachments optimized for that movement (O) as the only possible
Optimized Attachments for intrusion are extrusive/anchoring attachments placed on adjacent
teeth, not placed on the intruded tooth itself. These attachment systems were not assessed in this
study.

Table 11. Descriptive Statistics for Type of Attachment by Individual Test
Total Samples
Intrusions: Efficacy

67

Intrusions: Discrepancy

67

Extrusions: Efficacy

39

Extrusions: Discrepancy

39

Rotations: Efficacy

98

Rotations: Discrepancy

98

n

x̄

sd

N = 48
C=4
X = 15
N = 48
C=4
X = 15
N=9
C=9
O=7
X = 14
N=9
C=9
O=7
X = 14
N = 25
C = 22
O = 29
X = 22
N = 25
C = 22
O = 29
X = 22

36%
60%
42%
-0.48mm
-0.30mm
-0.42mm
64%
64%
38%
48%
-0.19mm
-0.28mm
-0.53mm
-0.43mm
46%
55%
77%
20%
-6.2°
-7.0°
-4.9°
-9.7°

36%
24%
34%
0.27mm
0.12mm
0.28mm
45%
42%
25%
49%
0.25mm
0.29mm
0.30mm
0.42mm
65%
45%
53%
51%
6.4°
7.5°
9.6°
7.5°

Sample sizes (n), means (x̄) and standard deviations (sd) of measured movements. Discrepancies are expressed as
negative numbers.

Statistical comparisons for each test are shown in Table 12. Though four individual
comparisons initially suggested statistical significance, the only true statistically significant
association between type of attachment and performance after post-hoc Bonferroni adjustment of
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alpha was the comparison of Optimized Attachments for the movement of interest (O) versus
Optimized Attachments for movements other than the movement of interest (X) in the efficacy of
rotation. Teeth with Optimized Attachments specifically for rotation rotated significantly better
than teeth with extraneous Optimized Attachments (77% ± 53% vs. 20% ± 51%, respectively, p =
0.0005, p < Bonferroni adjusted alpha). When those same attachment groups were compared by
discrepancy of rotation, the result neared statistical significance (p = 0.062). All other outcomes
were statistically insignificant after post-hoc Bonferroni adjustment for multiple comparisons.

Table 12. Statistical Analysis of Type of Attachment by Individual Test
Comparison

|Δ x̄ |

95% CI

p-value

N-C
C-X
N-X
N-C
C-X
N-X
N-C
N-O
N-X
C-O
C-X
O-X
N-C
N-O
N-X
C-O
C-X
O-X

24%
18%
7%
0.18mm
0.12mm
0.06mm
0%
26%
16%
26%
16%
10%
0.09mm
0.34mm
0.24mm
0.25mm
0.15mm
0.10mm

-22% – 70%
-32% – 67%
-20% – 33%
-0.17 – 0.52mm
-0.26 – 0.50mm
-0.14 – 0.25mm
-59% – 60%
-38% – 90%
-38% – 70%
-38% – 90%
-39% – 70%
-48% – 69%
-0.38 – 0.55mm
-0.16 – 0.84mm
-0.18 – 0.66mm
-0.25 – 0.75mm
-0.27 – 0.57mm
-0.36 – 0.56mm

0.204
0.372
0.542
0.210
0.445
0.503
0.989
0.216
0.461
0.201
0.461
0.620
0.518
0.037
0.152
0.134
0.374
0.597

Rotations:
Efficacy

N-C
N-O
N-X
C-O
C-X
O-X

9%
30%
26%
21%
35%
56%

-34% - 53%
-10% - 71%
-18% - 70%
-21% - 63%
-10% - 80%
14% - 99%

0.581
0.069
0.149
0.148
0.022
0.0005

Rotations:
Discrepancy

N-C
N-O
N-X
C-O
C-X
O-X

0.8°
1.3°
3.5°
2.1°
2.7°
4.8°

-5.6 – 7.1°
-4.6 – 7.3°
-2.9 – 9.9°
-4.1 – 8.2°
-3.8 – 9.3°
-1.4 – 11.0°

0.715
0.571
0.098
0.416
0.244
0.062

Intrusions:
Efficacy
Intrusions:
Discrepancy

Extrusions:
Efficacy

Extrusions:
Discrepancy

αadj
.0167

.0167

0.008

0.008

Sig
-

0.008

+

0.008

-

One-way ANOVA of attachment type. Absolute difference between sample means (|Δ x̄ |) analyzed by t-tests with 95%
confidence intervals (95% CI) and individual p-values shown. Bonferroni adjustment of α (α adj.) shown. For efficacy of
rotations, O vs. X was significant (p > α).
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F. Interproximal Reduction

A total of 52 dental arches were used in this study. Of those 52 dental arches, 23 had
interproximal reduction whereas 29 did not. Basic descriptive statistics for the presence (Yes) or
absence (No) of interproximal reduction by individual test are shown in Table 13.

Table 13. Descriptive Statistics for Interproximal Reduction by Individual Test
Total Samples
Intrusions: Efficacy

67

Intrusions: Discrepancy

67

Extrusions: Efficacy

39

Extrusions: Discrepancy

39

Rotations: Efficacy

98

Rotations: Discrepancy

98

n

x̄

sd

Yes = 36
No = 31
Yes = 36
No = 31
Yes = 22
No = 17
Yes = 22
No = 17
Yes = 38
No = 60
Yes = 38
No = 60

47%
30%
-0.41mm
-0.50mm
62%
42%
-0.25mm
-0.50mm
51%
52%
-6.9°
-6.8°

28%
41%
0.25mm
0.28mm
41%
46%
0.28mm
0.39mm
63%
54%
8.1°
8.1°

Sample sizes (n), means (x̄) and standard deviations (sd) of measured movements. Discrepancies are expressed as
negative numbers.

Statistical comparisons for each test are shown in Table 14. Again, folded-F tests
generally revealed that the compared samples could be assumed to have equal variance, therefore
pooled t-tests were used. For intrusions: efficacy, a Satterthwaite t-test was used to account for
the unequal variance between the two populations shown by the folded-F test.
When looking at discrepancy alone (i.e. the linear measurement of underperformance),
interproximal reduction is associated with improved extrusion (p = 0.027). Teeth undergoing
extrusion under-extruded by 0.25 mm ± 0.28 mm when interproximal reduction was performed
compared to an average of 0.50 mm ± 0.39 mm of under-extrusion when interproximal reduction
was not performed. This relationship was not statistically significant when looking at efficacy (p
= 0.176). No other movements had an association with the presence or absence of interproximal
reduction.
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Table 14. Statistical Analysis of Interproximal Reduction by Individual Test
Folded-F test

Variance

Intrusions: Efficacy

p = 0.0414

Unequal

Intrusions: Discrepancy

p = 0.5223

Equal

Extrusions: Efficacy

p = 0.6162

Equal

Extrusions: Discrepancy

p = 0.1703

Equal

Rotations: Efficacy

p = 0.2717

Equal

Rotations: Discrepancy

p = 0.9983

Equal

t-test

Significance

Satterthwaite
p = 0.061
Pooled
p = 0.155
Pooled
p = 0.176
Pooled
p = 0.027
Pooled
p = 0.956
Pooled
p = 0.932

+
-

Students t-tests between presence or absence of interproximal reduction by movement. The presence of interproximal
reduction was significant for discrepancy of extrusion (p = 0.027).

G. Number of Trays

The number of aligners within each series investigated ranged from 10 to 69 (average =
24). Samples were plotted by tray count and simple linear regressions were calculated per
individual test along with coefficients of determination (R 2). Each individual test is shown in
Figures 11 - 16. The number of trays was correlated with decreased efficacy of intrusion (p =
0.0034), increased discrepancy of intrusion (p = 0.014), and increased discrepancy of rotation (p
< 0.0001). Decreased efficacy of rotation neared statistical significance (p = 0.062). No
significance was found when evaluating the number of trays with the performance of extrusion (p
> 0.05), however the trends were positive in nature; that is, increased number of trays suggested
improved performance of extrusion. This trend was opposite of intrusions and rotations.
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Figure 11. Fit Plot for Number of Trays on Efficacy of Intrusion
The negative correlation is statistically significant (p = 0.0034) with a coefficient of determination
(R2) of 0.12.

Figure 12. Fit Plot for Number of Trays on Discrepancy of Intrusion
The negative correlation is statistically significant (p = 0.014) with a coefficient of determination
(R2) of 0.09.
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Figure 13. Fit Plot for Number of Trays on Efficacy of Extrusion

Figure 14. Fit Plot for Number of Trays on Discrepancy of Extrusion
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Figure 15. Fit Plot for Number of Trays on Efficacy of Rotation

Figure 16. Fit Plot for Number of Trays on Discrepancy of Rotation
The negative correlation is statistically significant (p < 0.0001) with a coefficient of determination
(R2) of 0.16.
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H. Treatment Time

Treatment time ranged from 116 to 491 days (average = 226 days, approximately 7.5
months). Samples were plotted by treatment days measured from ClinCheck ® approval to postseries scan and simple linear regressions were calculated per individual test along with
coefficients of determination (R2). Each individual test is shown in Figures 17 – 22. No results
reached statistical significance (p > 0.05), however it is worth noting that the directions of trends
generally followed that of number of trays: intrusion and rotation performances tended to have
negative correlations with treatment time, whereas extrusion performance tended to have a
positive correlation with treatment time.

Figure 17. Fit Plot for Days of Treatment on Efficacy of Intrusion
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Figure 18. Fit Plot for Days of Treatment on Discrepancy of Intrusion

Figure 19. Fit Plot for Days of Treatment on Efficacy of Extrusion
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Figure 20. Fit Plot for Days of Treatment on Discrepancy of Extrusion

Figure 21. Fit Plot for Days of Treatment on Efficacy of Rotation
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Figure 22. Fit Plot for Days of Treatment on Discrepancy of Rotation
I. ClinCheck® Date

Dates of ClinCheck® treatment plan approval ranged from January 3, 2017 through May
14, 2019. Samples were plotted by date and simple linear regressions were calculated per
individual test along with coefficients of determination (R2). Each individual test is shown in
Figures 23 – 28. No results were statistically significant (p > 0.05).
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Figure 23. Fit Plot for ClinCheck® Date on Efficacy of Intrusion

Figure 24. Fit Plot for ClinCheck® Date on Discrepancy of Intrusion
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Figure 25. Fit Plot for ClinCheck® Date on Efficacy of Extrusion

Figure 26. Fit Plot for ClinCheck® Date on Discrepancy of Extrusion
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Figure 27. Fit Plot for ClinCheck® Date on Efficacy of Rotation

Figure 28. Fit Plot for ClinCheck® Date on Discrepancy of Rotation
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CHAPTER VI: DISCUSSION

A. Study Objectives

Because Invisalign® is a technology that is constantly evolving with no current evidence
of plateau, the goal of this study was to not only update our knowledge of current efficacies of the
Invisalign® system, but also to track performance as a function of time in our patient set to
elucidate any trends. Current performance of incisor and canine intrusions and extrusions ≥ 0.5
mm and incisor, canine, and premolar rotations ≥ 5° are reviewed, with their correlations to
gender, age, tooth, attachment, interproximal reduction, number of aligners, treatment time, and
start date. Both efficacy and discrepancy were evaluated in the present study, as they are both
representations of performance of the system. Both forms of measurement have been used in
previous studies, and conclusions regarding which measurement if either is superior to the other
is beyond the scope of this study.
B. Analysis of Results

Gender was not associated with the efficacy or discrepancy of any of the three
movements in this study. This finding agreed with that of Chisari et alia22 who found no
association between the rate of tooth movement in aligners with sex and race. Several studies
have conflicted on which genders were found to be more compliant, with additional studies
reporting no difference in compliance between males and females.23 While compliance was not
directly measured in this study, no difference in movement was found between males and
females, suggesting agreement in compliance.
Both efficacy of intrusion and rotation were negatively correlated with age (p = 0.0007
and p = 0.0058, respectively), whereas the performance of extrusion showed no statistically
significant correlation but was opposite – ergo positive – in nature. The correlation of age with
efficacy of intrusion had a coefficient of determination (R 2) of 0.1615, meaning that increasing
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age accounted for 16% of the decrease in the efficacy of intrusion. The coefficient of
determination (R2) of age for efficacy of rotation was 0.0767; that is, increasing age accounted for
8% of decrease in efficacy of rotation. These results stand to reason, as it is potentially reflecting
the physiological actions of each movement. Intrusion is classically heralded as a slower
movement, relying on precise frontal resorption not only of the apical bone, but circumferential
bone as generally tapered walls of any root structure are wedged into their future position.
Rotation requires frontal resorption as well but would have more areas of freedom in the
periodontal ligament where periodontal fiber tension and apposition occur. Extrusion, in contrast,
is almost entirely appositional with very little, if any, resorption required. Therefore, the findings
of the study could reflect decreased ability or rate of resorption with age. For movements
requiring more resorption, age has a more significant association. This detail may be congruent
with the findings of Chisari et alia22. In their study, anteroposterior movement of a single
maxillary central incisor was planned to move 1 mm over the course of four aligners, with
movement assessed at several points by CBCT. This study suggested linearly decreased tooth
movement in older men but a quadratic decrease during middle age for women with a final
increase beyond 50 years, which the authors ascribed to indication of bone and hormone
complexity.
Though a few initial assessments of subset of tooth on performance of intrusion,
extrusion, or rotation suggested statistical significance, no tests were statistically significant after
post-hoc Bonferroni adjustment for family-wise error rate (all p > α). Maxillary central incisors
(U1’s) had a tendency for poorer intrusion and greater extrusion; maxillary canines (U3’s) had a
tendency for poorer extrusion and poorer rotation; maxillary first premolars (U4’s) may rotate
better than mandibular first premolars (L4’s); and mandibular central incisors may rotate better
than mandibular lateral incisors (L2’s), however none of these results were statistically
significant. Perhaps this is due to technological advancements in the Invisalign ® system or
increased wherewithal of practitioners. In the 2017 retrospective study by Charalampakis et alia17,
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several similarities were found, with the least accurate movements reported to be intrusion of
incisors (mean discrepancy = 1.5 mm, P < 0.001) and rotations of maxillary canines (mean
discrepancy = 3.0°, P < 0.001) whereas maxillary premolar rotation was noted as the most
accurate movement (mean discrepancy = 0.9°). In the retrospective cohort study performed by
Grünheid et alia18 in 2017, the authors noted anterior teeth also finished more extruded than
planned and derotation of rounded teeth tended to underperform, however they concluded these
findings were of such a small effect that they were clinically irrelevant. These findings matched
the trend of the present study, but additionally found statistical significance in these differences,
whereas the present study did not. Perhaps this was due to the earlier era of these treatments, with
cases in Charalampakis et alia17 starting as early as 2014 and no reported start dates in Grünheid
et alia18. Importantly, these results contrast to the earlier study of Kravitz et alia 11 from 2009 in
which extrusion of incisors was the least accurate movement (18.3%), illustrating important
differences between eras of the Invisalign ® appliance.
After analysis of attachments with post-hoc Bonferroni adjustment for multiple
comparisons, only one comparison remained significantly different: for efficacy of rotation,
Optimized Attachments designed specifically for rotation performed significantly better than
Optimized Attachments designed for movements other than rotation (77% ± 53% vs. 20% ± 51%,
respectively, p = 0.0005, p < α). When those same attachment groups were compared by
discrepancy of rotation, the result neared statistical significance (p = 0.062). The other attachment
options (namely, none or conventional) had intermediate results. All other outcomes were
statistically insignificant after post-hoc Bonferroni adjustment for multiple comparisons. In
synthesis, the selection of an Optimized Attachment specific to rotations appears to be highest in
the attachment hierarchy. Teeth undergoing extrusion or intrusion performed the same (p > 0.05)
when Optimized Attachments optimized for other movements were used (i.e. Optimized Rotation
Attachments) whereas teeth undergoing rotation performed significantly worse if Optimized
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Attachments optimized for other movements were used (e.g. Optimized Extrusion Attachments).
It therefore deduces from this study that derotation should be placed higher in the attachment
hierarchy than extrusion or intrusion, and when derotation is required – whether alone or in
combination with another movement – an Optimized Attachments specific for derotation should
be used. Both Optimized Rotation Attachments and Optimized Multi-plane Attachments would
satisfy this paradigm. This finding contrasts to Kravitz14 from 2008, which concluded that
attachments did not significantly improve canine derotation. Though a landmark study, this study
was performed a different era of the Invisalign ® system; the material of the time was the early
PC30 material and attachments only came in conventional and ellipsoid forms. This finding of the
present study also contrasts to Simon15 from 2014, which concluded that Optimized Attachments
did not significantly improve premolar derotation over no attachment; however, this study still of
an earlier era using the now-retired EX30 material. In addition, no distinction was made between
maxillary and mandibular premolars – anatomically different teeth with maxillary premolars
historically having the best derotation rates.17,18 Caution should be taken with over-interpretation
of these findings, as the true extent to which default Invisalign® algorithms choose the most
favorable attachment for any given situation are immeasurable and likely conceal additional
disparities between attachments for specific movements.
Interproximal reduction was associated with decreased discrepancy of extrusion (0.25
mm ± 0.28 mm with interproximal reduction versus 0.50 mm ± 0.39 mm without interproximal
reduction, p = 0.027). This relationship was not statistically significant when looking at efficacy
(p = 0.176) or any other movements. The 2019 systematic review by Galan-Lopez et alia12
published in 2019 recommends that interproximal reduction be used to bolster derotation, despite
contradictory14 or neutral15 positions in the cited supporting articles. Thus, it appears clinicians
should not base a decision to perform interproximal reduction off of assumption of improved
accuracy, but instead base that decision off of traditional reasons such as crowding or reshaping
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that would apply to fixed appliance cases as well. The statistically significance of decreased
discrepancy of extrusion found in this study may be a reflection of underestimating crowding in
the vertical dimension, in which aligners do not allow for the same freedom of play in unraveling
crowding via proclination as fixed appliances because of the established facial plastic perimeter
established by an Invisalign® aligner. Prudent practitioners would be wise to assess the tightness
of interproximal contacts when extrusions are being performed, as generally recommended for all
teeth and treatment visits by representatives of Align Technology.
One of the secondary variables evaluated during this study was the number of trays in an
aligner series. The average number of aligners per series was 24, with a range from 10 to 69
aligners. Increased number of trays was correlated with decreased efficacy of intrusion (p =
0.0034, R2 = 0.1247), increased discrepancy of intrusion (p = 0.014, R2 = 0.0902), and increased
discrepancy of rotation (p < 0.0001, R2 = 0.1586). Decreased efficacy of rotation neared statistical
significance (p = 0.062, R2 = 0.0359). No statistically significant association was found between
the number of trays and extrusion performance, but the trend was positive; that is, increased
number of trays suggested improved performance of extrusion. A few confounding variables exist
between number of trays and performance. First, increased number of aligners are needed for
movements of greater magnitude, and movements of greater magnitude have been associated with
poorer performance.15 Where the cause and effect lie cannot be established from this study due to
its descriptive nature. Second, compliance is an issue in all facets of orthodontic treatment, with
patients commonly overestimating their wear of aligners. 23 To the authors’ knowledge, no studies
have assessed whether Invisalign® compliance stays consistent or decays overtime, but decaying
compliance could also be a factor in the areas of decreased performance associated with
increasing number of trays. Questions as to whether clinicians are more or less likely to address
teeth that have stopped accurately tracking when a series contains more or less aligners also exist
but are beyond the scope of this study.
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Similar to number of trays, treatment time in days between initial ClinCheck® and posttreatment scan was also evaluated. Treatment time ranged from 116 to 491 days (average = 226
days, nearly 7.5 months). While the directions of trends according to treatment time generally
followed that of the number of trays – intrusion and rotation outcomes had weak negative
correlations with time, whereas extrusion outcomes had a weak positive correlation with time –
no results were statistically significant. Reasons for the lesser significance of treatment time
compared to number of trays with the performance of movements include discrepancies in
scheduled aligner wear (i.e. one week per aligner or two) and differences in lag between approval
of the ClinCheck® and delivery of the appliance. The longest lag in this patient set was 5.5
months, though this lag was highly atypical, and the reasons for this lag are unknown. Thus, with
increased confounding variables, any true associations become imperceptible.
The final variable scrutinized was the ClinCheck® date in reflection of the performance of
the Invisalign® system. ClinCheck® dates ranged from January 3, 2017 through May 14, 2019 – a
span of less than 2.5 years. No results were statistically significant (p > 0.05), though a very mild
positive direction to the fit plot was noted for intrusions and rotations, whereas extrusions had a
flat or slightly negative direction. Several questions remain. Why was extrusion headed in a
contradictory direction? Are treatment protocols for extrusion headed in the wrong direction? Is
something being missed? Or is it that the performance of intrusions and rotations have received
more attention lately whereas the perfection of extrusions has fallen by the wayside since the
introduction of Optimized Extrusion Attachments in 2013? If we continue to measure these
variables over time, will we see improved accuracy with continued development of the
Invisalign® system? If accuracy improves, will we notice jumps following the instatement of
novel solutions meant to improve accuracy and predictability, or will we find certain novelties to
offer no real improvement over the new systems of the past? Only time will tell, but this author
suspects much potential for growth remains.
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It is important to remember that fixed labial appliances do not achieve 100% of the
prescribed movement either. The differences in wire and bracket slot dimension allowing the wire
to rotate and lose expression, otherwise known as “slop”, “play” , or “angle of deviation” among
other terms, is expected by clinicians but almost impossible to truly calculate due to differences in
bracket, wire, and ligation materials, precision in manufacturing, and bracket placement. 15
Though several estimates and calculations have been given, studies differ in their calculations
based upon the specific variable assessed. Despite this, practitioners use fixed appliances with
confidence, adjusting and overcorrecting as needed to obtain the desired final results.
In this study, under-expression was the norm, however unintentional over-expression
(when the movement continued past 100% of planned) was also encountered. Over-expression
was most common for rotations, occurring in 16 out of the 98 rotations measured (16.3%) with a
maximum over-rotation of 13°. Over-expression of extrusion occurred in 5 out of the 39
extrusions measured (12.8%) with a maximum over-extrusion of 0.4 mm. No intrusions were
over-expressed, perhaps reflecting an anterior extrusive tendency of Invisalign® appliances. Overexpressed samples occurred with all attachment types, including no attachment. Conversely,
opposite-expressions also occurred, in which the tooth of interest moved in the reverse direction
of the planned movement (worse than 0% performance). Note that over-expression and oppositeexpression are two opposite extremes. Opposite-expression was again most common for
rotations, occurring at the same rate as over-expression at 16.3% (16/98) with a maximum
opposite-rotation of 11°. Opposite-expression of extrusion also occurred at the same rate as overexpression at 12.8% (5/39) with a maximum opposite-extrusion (i.e. intrusion) of 0.2 mm, though
this amount is clinically irrelevant. Intrusions were able to opposite-express. This occurred in 6
out of the 67 intrusions (9.0%) with a maximum opposite-intrusion (i.e. extrusion) of 0.4 mm.
No clear trends could be found to explain why over-expression or opposite-expression
occurred. Either over-expression or opposite-expression could occur in crowded or spaced
dentitions and with any type of attachment. Though over-expression versus opposite-expression
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generally occurred separate from each other and in different patients, it was possible for a
combination of the two to occur in separate arches in the same patient, between different types of
movements in the same arch, and in one patient for the same movement (rotation) in the same
arch (lower) and with the same (conventional) attachments when 0.2mm interproximal reduction
was prescribed symmetrically for all contacts from mandibular right first premolar to left first
premolar for mandibular crowding and tooth size excess. It is possible that imprecision in
interproximal reduction could have contributed to this specific phenomenon. Errors in
superimposition and measurement may have contributed to these various discrepancies. Finally,
movements of larger magnitude on adjacent teeth may have overpowered the movement of
interest, also contributing to these discrepancies.
C. Study Limitations

A premier limitation to this study is its retrospective, descriptive nature. No conclusions
regarding cause and effect may be made. Rather, this study only serves as an introductory survey
of variables. Caution must be taken against over-interpretation of these findings, as many
confounding variables exist, including an indeterminable effect of Invisalign® defaults on
treatment outcomes. In addition, subdivision of data sets occasionally resulted in very small
samples for comparison, resulting in an issue of power that could make it hard to draw
associations.
Measurements were performed by a single examiner, though error was likely introduced
at the level of superimposition of the three-dimensional models. Dental superimpositions by
nature create at least to some extent an average, best-fit overlay, regardless of specific movement
sequence or anchorage used. Therefore, the amount a tooth appeared to intrude or extrude on
superimposition did not necessarily coincide with the values shown in the ClinCheck®. For
example, where the posterior dentition may have been indicated on the ClinCheck ® to be held
completely static as the anterior dentition is entirely extruded, superimposition was likely to show
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partial extrusion of the anterior and partial intrusion of the posterior, minimizing measurements of
planned extrusion of the anteriors. Statements regarding what actually happens within any given
patient are even more complex. It is impossible to control this error without precise threedimensional imaging of patients for cross-referencing. This was beyond the scope of this study.
While the most commonly used aligner series were the first set of aligners patients
received, the series used could have been from a refinement if original scans were unavailable.
The introduces a layer of error as well, as patients undergoing refinement have already undergone
some correction and physiological adaptation. In addition, initial inadequacies may have been
retreated in a different or more robust fashion, which could influence the outcome.
By forming discrete categories, certain levels of nuance may be lost. The division of
attachments into groups gave no true indication of size, orientation, or specific location on each
tooth – factors that could affect the results. In addition, interproximal reduction was considered
present or absent on a whole arch basis, with no detail as to how much was performed or even if
the interproximal reduction occurred adjacent to the tooth of interest.
D. Future Directions

Several avenues exist for continued research of Invisalign ® and other clear removable
appliances. Continuation of this study at the Marquette University Resident Orthodontics Clinic
will expand and update the clarity of suggested associations and may enable us to better project
how Invisalign® may continue to improve with time based on past trends – improving practitioner
awareness and patient outcomes. Further investigation of rates of over-expression versus
opposite-expression in a variety of movements and reasons for generalized under-expression
would prove useful in a clinical setting. Clarification as to whether the magnitude of movement
planned associated efficacy or discrepancy, as well as further understanding of differences
between outcomes of efficacy versus discrepancy would improve treatment planning and the
synthesis of different studies. In addition, further analysis of the effects of clinician bias in
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addressing factors such as a lack of tracking may increase awareness that minimizes practitionerbased inefficiencies.
A lack of consensus in relation to Invisalign® appliances is the vertical effect of the
appliance and whether the appliance truly produces a bite-deepening effect and by how much.
Contrast of pre-treatment open-bite patients versus deep-bite patients and relations to vertical
treatment results may elucidate phenotype nuances not yet discovered. Further evaluation of the
direct effects of anterior bite ramps would provide new information as well. Absolute effects are
only available from precise cross-referencing with radiographic imaging and are beginning to be
investigated in all three dimensions but require further clarification.
As Invisalign® is a technology that is constantly evolving, continued research is required
to stay up-to-date on current performance and trends. Similar to the progression from Angle’s E
arch, to the ribbon arch, to the brackets we have today, past generations of appliances will
perform differently. This does not render previous research useless, but rather implores scientists
and practitioners alike to practice prudence in understanding each research article, the era in
which the study was done, and the advancements that have been made since then. It behooves
practitioners to know where the strengths and weaknesses of a popular appliance currently lie, for
our own best practices. A prudent practitioner would use the calculated inefficacies not as a
deterrent from the system, but as factors in appliance design and prescription. Clinicians are
encouraged to use each Invisalign ClinCheck ® as a representation of the desired appliance, not of
the desired dental outcome, with compensations planned for the current shortcomings of the
system. In this manner, exceptional orthodontic results may be achieved more efficiently and
predictably.
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CHAPTER VII: CONCLUSION
The mean efficacies of anterior intrusion and extrusion were 39% and 53%, respectively.
The mean efficacy of incisor, canine, and premolar derotation was 51%. The mean discrepancies
were -0.45 mm for intrusion, -0.36 mm for extrusion, and -6.8° for rotation. In this retrospective
case series of intrusion, extrusion, and rotation utilizing Invisalign®, the following conclusions
were made:
•

Planned extrusions and rotations had an equivalent chance of opposite-expression (i.e.
moving in the opposite direction from planned) as over-expression (i.e. performing
beyond 100%). Planned intrusions could have opposite-expression (i.e. could extrude)
but did not over-express.

•

Gender was not associated with differences in treatment outcomes.

•

Increasing age was associated with decreased performance of intrusion and rotation but
not of extrusion.

•

No tooth performed significantly better or worse for intrusion, extrusion, or rotation.

•

For rotations, Optimized Attachments specific to rotation had superior performance
compared to Optimized Attachments that were not specific to rotation. No other
associations between type of attachment and performance were found.

•

Interproximal reduction was weakly associated with improved extrusion but had no
association with intrusion or rotation outcomes.

•

Increasing number of trays was associated with poorer performance of intrusion and
rotation but not of extrusion.

•

No significant associations were found with treatment time or ClinCheck® approval date.
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